Three hundred thirty-day-old unsexed commercial broiler chicks with initial average body weight of 44.04 ± 0.42 g were allocated into five experimental groups, in a completely randomized design (CRD) with 21-day experiment.
| INTRODUC TI ON
Poultry birds are not capable of synthesizing threonine, the third limiting amino acid after methionine and lysine in corn and soybean meal-based diets, thus making it nutritionally essential (Berres et al., 2007) . Commercial L-threonine (98.5%) is generally added to the diet of broilers in order to match the dietary amino acid balance to the exceptional nutritional requirements of the poultry birds.
Requirement of dietary crude protein can be reduced to some extent by supplementing L-threonine in broiler feed which in turn helps in reducing uric acid excretion, thereby leading to decreased amount of released nitrogen in the environment (Kidd, Virden, Corzo, Dozier, & Burnham, 2005) . Hence, this amino acid acts as a critical factor for formulation of least cost poultry feed. Threonine is involved in variety of functions viz. uric acid formation, pancreatic enzyme resynthesis, protein formation, body protein turnover and formation of collagen, elastin and antibody production (Sá, Gomes, & Cecon, 2007) . Carbon skeleton from the catabolism of L-threonine generates pyruvate, propionic acid and acetyl-CoA for glucose or energy production. On catabolism, threonine also synthesizes glycine for metabolic needs viz. synthesis of protein, creatine, serine, uric acid, bile salts and glutathione (Kidd & Kerr, 1997) . There are many reports on the threonine requirements of poultry for growth performance (Ahmadi & Golian, 2010; Kerr, Kidd, McWard, & Quarles, 1999; Rosa, Pesti, Edwards, & Bakalli, 2001 ), but less information is available on the immune system and intestinal morphology of broilers. Threonine plays a vital role as precursor of L-lysine and serine and additionally provides excellent immune response and gastrointestinal mucin production (Kidd, Lerner, Allard, Rao, & Halley, 1999) .
Hence, optimization of threonine requirement may offer protection from bacterial infections in the gut. There is an urgent necessity to optimize the level of threonine requirement in the poultry diets.
The mucins secreted by goblet cells constitute the mucus layer covering the gastrointestinal tract. This mucin is mainly glycoproteins (the chief component of which is threonine constituting 30% of total amino acids), which are synthesized and secreted by goblet cells distributed along the villi of the small intestine. Goblet cells utilize substantial amounts of nutrients for the synthesis of mucins (Uni, Smirnov, & Sklan, 2003) . Mucin mainly protects the gut from acidic chyme, digestive enzymes and pathogens, filtering nutrient in the gastrointestinal tract, nutrient digestion and absorption (Horn, Donkin, Applegate, & Adeola, 2009; Jiang, Applegate, & Lossie, 2013) . A high percentage of threonine, between 60% and 80% of ingested threonine, may retain in the portal-drained viscera. A deficiency of threonine may compromise the functioning of the immune systems (Sá et al., 2007) . Threonine occurs at a high concentration in γ-globulin which affects the immune function (Kim, Mateo, Yin, & Wu, 2007) . Threonine is an important component of immune globulins accounting for 7%-11% of total amino acids (Sandberg, Emmans, & Kyriazakis, 2007 ). An addition of 2 mM threonine to the culture medium prevented apoptosis, stimulated cell growth and promoted antibody production in lymphocytes through protein synthesis and cellular signalling mechanisms (Duval, Demangel, Munierjolain, Miossec, & Geahel, 1991) . Indeed, serum antibody titres increased with increasing dietary intake of threonine in chickens infected with the Newcastle disease virus (Bhargava, Hanson, & Sunde, 1971) . Increasing dietary threonine intake increased antibody production and serum IgG levels in swine (Wang, Qiao, Liu, & Ma, 2006) . All such research findings provide support for the role of dietary threonine in modulating immune function in poultry. All NRC requirement levels for poultry were mainly examined in thermo-neutral environment; therefore, in tropical environment the effect of higher temperature should be considered to formulate a ration for poultry with required dose of amino acids. High temperatures impair the intestinal epithelial structure (Burkholder, Thompson, Einstein, Applegate, & Patterson, 2008 ) with a reduction in goblet cells due to heat stress (Sandikci, Eren, Onol, & Kum, 2004) . There are some evidences that essential amino acids levels in the feed higher than NRC specifications are needed to achieve optimal growth performance, immune competence and disease resistance (Kidd, Gerard, Heger, Kerr, & Rowe, 2001; Quentin, Bouvarel, & Picard, 2005) . Therefore, it may be necessary to conduct further investigation to know the actual threonine requirements. Summer season is very hot and humid in many subtropical countries with daily temperature averages above 30°C and 75% relative humidity. The detrimental effects of high temperatures are exacerbated by high relative humidity (Romijn & Lokhorst, 1961) . Further, heat stress negatively affects the immune functions (Mahmoud & Yaseen, 2005) . As NRC requirement levels were mainly examined in thermo-neutral environment, therefore, the dietary threonine requirements as reported by the NRC (1994) may be insufficient for modern commercial poultry strains reared under heat and relative heat stress. It is beyond any doubt that threonine requirement is established precisely with many dose-response studies with graded levels of L-threonine, even then there are many inconsistent reports of L-threonine supplementation in broiler ration. Moreover, till date no studies confirmed that threonine has a direct role in improving broiler growth, immunity and gut health. Keeping the above facts in view, the present investigation was aimed to find out the effects of supplemental threonine on growth performance, carcass characteristics, gut health, immune function and economic efficiency of broiler birds.
| MATERIAL S AND ME THODS
All the animal experimentation procedures were approved by the Institutional Animal Ethics Committee (West Bengal University of Animal and Fishery Sciences, Kolkata, India).
| Experimental birds, experiment duration and climatic condition
Three hundred thirty-day-old unsexed commercial broiler chicks (Vencobb-400, Venkys, Pune) with the initial average body weight of 44.04 ± 0.42 g were allocated into five experimental groups, in a completely randomized design. Each group was subdivided into six replicates where each replicate comprised of eleven birds, selected in random. The experiment was carried out in the month of May, which is considered to be hot and humid period in West Bengal state in India. The temperature and humidity inside the shed were recorded twice daily (at 0800 and 1400 hr). The average ambient relative humidity inside the shed was 75% ± 10% and the mean daily temperature was 33 ± 8°C. The experiment lasted for 3 weeks.
| Housing, light and diets
The broiler birds were housed in a conventional poultry shed, covered with asbestos roof, divided in 30 pens of 12 sq. feet with a dirt floor, rice husk as bed, covered with corrugated paper for first 3 days. The floor space in the shed was 1.25 sq. ft. per broiler birds. The light programme used for broilers was 24 hr per day (natural and artificial light) during the first 14 days of experimental period followed by 23 hr from 15 to 21 days. Broilers were fed on the same basal diet based on maize, soybean meal, oil, minerals, vitamins, salts and premixes and crystalline amino acids. The pooled feed sample was subjected for analysis of dry matter (DM), organic matter (OM), crude protein (CP), crude fibre (CF), nitrogen-free extract (NFE) and ether extract (EE), Ca and P as per AOAC (1995) . Crystalline L-threonine (98.5% threonine of Evonik) was added to the basal diet at various percentages (Table 1 ). Prior to feed formulation, individual feed ingredients were analysed for amino acids by HPLC method. All the mash rations were also analysed in the analytical laboratory for respective amino acid content. To determine the nutritional levels of threonine, iso-nitrogenous and iso-energetic diets were formulated by supplementing L-glutamic acid in the premix. Feed in mash form and wholesome and clean drinking water was provided ad libitum to all experimental birds throughout the experimental period. All the experimental broiler birds were maintained in a brooder cum grower house with standard hygienic condition following all bio-security measures throughout the experimental period. Vaccination was performed in broilers against Newcastle disease on 7th day with NDB 1 and infectious bursal disease (14th day; Table 2 ). 
| Growth performances
Measured quantity of feed was fed to the experimental birds everyday and the refusal was recorded after 24 hr. The difference between the feed offered and refused feed was worked out to know the actual feed consumed by each replicate (within a group) on a particular day and expressed as g day −1 replicate −1 . In the similar manner, feed consumption as g week −1 replicate −1 was computed and at the end, CFI was calculated till the end of the experiment.
Birds from of each replicate (within a group) were weighed individually on the first day and at weekly intervals thereafter. Mean live body weight (g bird −1 week −1 ) was computed at weekly intervals thereafter till the end of experiment. The difference between the body weight of a particular week and that of just previous week, BWG for that week was calculated out. The values of FCR for each group were calculated at weekly intervals on the basis of weekly live weights and weekly feed consumption. CFCR was calculated as CFCR = CFI/CBWG, where "CFI" is cumulative feed intake (total quantity of feed eaten right from day1) and "CBWG" is cumulative body weight gain (total gain in body weight right from day 1).
Mortality was checked daily and weighed for adjusting feed conversion ratio, if any.
| Carcass characteristics
Body weight (BW) of the experimental birds in each replicate pen was recorded on the day of slaughter (21d). Representative replicates of each treatment group (two from each replicate) were chosen by considering their BW as an average pen BW of the chickens.
Birds were slaughtered (mechanically stunned by cervical dislocation followed by exsanguination) after an overnight fasting (approximately 12 hr) but water was made available to chickens. Carcass weight was measured with giblets but without skin. Different body cut up parts and giblets were weighed. The proportions of different cut parts and giblets were expressed in percentage of slaughter BW of broiler chickens.
Carcass weight = Slaughter BW − (weight of blood, skin, feather, head, shank and intestine).
Relative Dressing yield = (hot carcass weight) × 100/(slaughter BW).
Carcasses were used for various carcass characteristics, evaluation of gut heath and other including immune organs.
| Blood analysis and histomorphological parameters
Blood samples (about 5 ml) were collected at 3rd week of age from the experimental broilers. For this purpose, twelve broilers (two broilers per replicate) per treatment were randomly selected.
Blood samples were collected aseptically from the wing vein of the individual broiler birds, using EDTA for the study of biochemical profile and immune responses. Total serum immunoglobulins were estimated by using the zinc suphate turbidity test as per McEwan, Fisher, Selman, & Penhale, 1970 and Gawade, Dadarkar, Husain, & Gatne, 2013 replicate with weight close to the average weight of that replicate was sacrificed. Jejunum was of particular interest because it is a major site of nutrient absorption in poultry (Horn et al., 2009) 
| Statistical analysis
The data were subjected to one way analysis of variance (ANOVA) (Snedecor & Cochran, 1994) in the Statistical Package for Social Sciences (2002) (SPSS 21.0, Chicago, IL, USA). Whenever significant differences were found (at p < 0.05), the treatment means were compared using Tukey's test. The main effects of threonine levels were further tested for linear and quadratic responses using polygonal contrasts. The linear and quadratic effects of the threonine levels were evaluated with both the NRC control group and Vencobb control group.
| RE SULTS

| Growth performances
The performance study at 3rd week of age, showed that, ADFI of broilers was higher (p = 0.001) in 100% threonine (of Vencobb-400 recommendation), 110% and 120% threonine (of Vencobb-400 recommendation) groups when compared with NRC recommended group ( Table 3) 
| Carcass characteristics
Though the mean carcass weight had no significant effect (p˃0.05) on increasing levels of L-threonine supplementation, the relative dressing yield increased linearly (p = 0.05) with the increasing levels of threonine supplementation (Table 4) . However, the mean relative breast yield (%) was higher (p = 0.02) in the 120% threonine (Vencobb-400 recommendation) group when compared with NRC recommended group. The mean relative breast yield also increased linearly (p = 0.007) with the increase in supplemental threonine levels in the diet. Though, the relative thigh yield increased linearly (p = 0.03), however, the relative drumstick yield had no significant effect (p ˃ 0.05) on increasing levels of L-threonine supplementation.
| Immune status
The relative weight of immune organs like bursa and thymus in- 
| Gut health
VH was higher (p < 0.001) in 110%, 120% and 130% threonine (of Vencobb-400 recommendation) group as compared to either NRC specification or 100% Vencobb-400 recommended threonine group (Table 6 ). The mean VH increased linearly (p < 0.001) and quadratically (p < 0.001) with increased levels of dietary threonine in the diet.
However, villus CD increased linearly (p = 0.05) and quadratically (p = 0.004) with the increasing levels of dietary threonine in the diet. The mean villus surface area and mean goblet cell number/villus increased linearly (p < 0.001) and quadratically {(p = 0.002) and (p < 0.001), respectively)}. However, goblet cell density/mm 2 increased quadratically (p = 0.005) by the treatments employed. VH:
CD increased linearly (p < 0.001) with increasing threonine level.
| Biochemical profile
The serum glucose increased linearly (p = 0.001), whereas serum total protein concentration and serum globulin level increased both linearly and quadratically (Table 7) 
| D ISCUSS I ON
| Effect of supplemental L-threonine on growth performances
The high levels of threonine in the experimental diets improved the feed intake of experimental birds which might be due to an appetitive effect of threonine. Such appetitive effect of threonine might have led to an aminoacidic balance in the experimental diets.
Higher threonine levels might have activated the mechanisms that regulate the appetite of broilers or changed the plasma amino acid profile or balance. In normal cases, the brain mechanism is sensitive to variations in amino acid blood levels and thus reduces feed intake (Bertechini, 2012) . However, such mechanism was probably not stimulated in the current experiment. Secondly, there might have some role of threonine in increasing thyroid gland activity including thyroxin hormone production which in turn increases metabolic rates thus increasing feed intake (Al-Hayani, 2017). Our present trial is in agreement with few others (Khan, Nawaz, & Zahoor, 2006; Kidd et al., 2001; Shan et al., 2003) who reported that the dietary supplementation of threonine significantly increased the feed intake between experimental groups. The dietary supplementation of threonine significantly increased the ADG between experimental groups (Estalkhzir, Khojasteh, & Jafari, 2013; Madapurada, Neraj, Sushma, Krishnamurthy, & Ananda, 2017; Majumder, Das Chowdhury, Zakir Hossain, & Islam, 2017; Zhang & Kim, 2014) . The accelerated growth found in threonine supplemented groups might be related to the role of threonine, which is required for protein synthesis and maintenance of body protein turnover (Madapurada et al., 2017 and Ton et al., 2013) . The accelerated growth rate in treatment groups showed the importance of adequate intake of feed and protein in terms of amino acids for muscle protein deposition, protein synthesis and maintenance of body protein turnover in addition to the calcium and phosphorous necessary for bone tissue formation during the experimental period. Thus, the intake of these nutrients below the requirements may compromise growth in birds. However, results of our study did not agree with few other studies. For example, Dozier, Moran, & Kidd, 2000; Kid & Kerr, 1997 and Tanure et al., 2015 re- ported that no improvement in performance was observed in broilers fed diets supplemented crystalline threonine. These contentious reports may be due to difference in protein of experimental diets, digestibility of amino acid, experimental phase and environmental factors.
| Effect of supplemental L-threonine on carcass characteristics
Improved performance in the threonine supplemented group might 
| Effect of supplemental L-threonine on immunological parameters
The increase in bursal weight with the increasing levels of supplemental L-threonine in our trial might be attributed to increasing an attempt of this organ to produce more B-lymphocytes which in turn exerted a positive influence on immunity of birds. Increase in the size of the Bursa of Fabricius is indicative of improved immune system.
The higher relative thymus weight in the higher (threonine) supplemented groups might be due to an increasing effort of this immune organ to produce more T-lymphocyte which in turn exert a positive influence on immunity of birds. Significantly higher weight of the Bursa of Fabricius was noticed due to increased threonine supplementation (Estalkhzir et al., 2013) .
The positive influence of increasing dietary threonine may be related to effective production of immunoglobulins because threonine accounts for 7%-11% of immunoglobulin proteins (Sandberg et al., 2007) . Increased levels of threonine in diets may either directly affect antibody production or may affect the replication of virus which in turn may influence the γ-globulin production (Bhargava et al., 1971) . Addition of threonine (0%, 0.25%, 0.5% and 0.75%) to broiler diets increased antibody titre against Newcastle disease at 42 days of age (Rezeipour, Fononi, & Irani, 2012) . Dietary administration of threonine influences the immune system components by increasing threonine effect on inhibition of apoptosis and stimulation of lymphocyte proliferation (Kidd et al., 2004; Li, Yin, Li, Kim, & Wu, 2007) .
Through the protein synthesis and cellular signalling mechanisms, addition of dietary threonine to the culture medium might have prevented apoptosis, stimulates cell growth and promotes antibody production in lymphocytes (Duval et al., 1991) . Similar to the present findings, MacDougall and Klasing (1998) reported a significant improvement in leukocyte proliferation to concanavalin A with threonine supplementation (0.66%-1.06% in diet) in chicks.
| Effect of supplemental L-threonine on jejunal histomorphometry
Relatively higher jejunal VH and CD of birds fed with high dietary threonine observed in our trial might be due to high utilization of threonine in the small intestine. Intestinal crypt development influences the maintenance of crypt-cell turnover rates and intestinal maturation. Hence, the deeper the crypt, the greater the villus growth in the enterocyte, thereby maximizing intestinal absorption surface area (Geyra, Uni, & , Sklan, D., 2001) . In addition to providing energy for normal intestinal function, threonine might have maintained the intestinal vitality and mass (Zaefarian, Zaghari, & Shivazad, 2008) .
Gastrointestinal tissues have relatively high protein turnover rate which is required for basal metabolism and development of small intestine. Secondly, among all the amino acids, threonine has a special importance as an essential nutrient, because compared with other amino acids, it has the highest metabolism in the portal-drained viscera (Schaart et al., 2005) . Around 30%-50% of threonine as well as some other amino acids (arginine, proline, isoleucine, valine, leucine, methionine, lysine, phenylalanine, glycine and serine) are directly used by the small intestine that is not available for extra-intestinal tissues (Wu, 1998) . Therefore, it is probable that increase in dietary threonine levels might have provided adequate concentrations of this critical amino acid for the high turnover of mucosal tissues. The relatively higher jejunal villus surface area of birds fed with high dietary threonine might be due to the fact that VH is positively related to villus surface area and the expansion of surface area that occurs with villus growth has been used to explain the increased absorptive capacity (Abbasi et al., 2014; Mitchell & Carlisle, 1995) . The relatively higher mean goblet cell number/villus of birds fed with high dietary threonine might be attributed to increase in absorptive surface area.
The increased surface area also needs a protection from chyme acidity, activities of digestive enzymes and pathogenic agents (Horn et al., 2009) . Hence, more number of goblet cells might have been synthesized to protect the increased villus surface area. Increasing dietary threonine levels caused a significant increase in goblet cell numbers, improving the protection of intestinal absorptive area due to the production of mucin (Nichols & Bertolo, 2008 ). An increase in threonine level or Thr/Lys ratio in broiler ration resulted in an increase (p < 0.01) in goblet cell density in both challenged and unchallenged group of Salmonella (Valizade, Sadeghi, Chamani, Shawrang, & Feizi, 2014) . This might be due to increased mucin2 gene expression in the Salmonella unchallenged group, whereas in the Salmonella challenged group it might be due to changes in mucin degradation and synthesis (Uni et al., 2003) . However, results of our study did not agree with Tanure et al. (2015) , who observed that there was no effect of digestible dietary threonine levels (p > 0.05) on VH, CD, or VH:CD ratio as measured in 14-and 21-d-old broilers.
| Effect of supplemental L-threonine on biochemical profile
High concentration of serum glucose in the L-threonine supplemented groups in the present trial might be due to catabolism of L-threonine in body. Catabolism results in glucogenic products like pyruvate and propionate that are needed for energy or glucose production. Poultry birds use threonine with high efficiency for protein accretion when dietary threonine is at or below the requirement, whereas they use this amino acid as a glucogenic precursor in excess amount (Edwards, Baker, Fernandez, & Parsons, 1997) . These biochemical processes might be responsible for increased serum glucose level in the treatment groups. The serum glucose concentrations linearly increased (p < 0.002) with increasing levels of L-threonine (Weber et al., 2013) . Abdel-Wareth and Esmail (2014) also revealed that serum glucose concentration significantly increased (p < 0.002) with increased L-threonine supplementation. However, results of our study did not agree with Azzam and El-Gogary (2015) who revealed that serum glucose concentration was not significantly altered (p > 0.05) in broilers with supplemental L-threonine levels (at 0.69%, 0.71%, 0.74%, 0.76% and 0.79%). The divergent result observed by the above researchers might be due to the presence of low levels of threonine in their experimental rations for which the full effect of threonine could not be observed.
The serum total protein concentration of broiler birds quadratically increased to supplemental L-threonine in laying hens (Azzam, Dong, Xie, Wang, & Zou, 2011) . In the process of protein anabolism and proteolysis, the serum protein level is always an indicator of the protein metabolism and immunity function situation in vivo. Avian total protein contains albumin and α, β and γ-globulin (Lumeij, 1997) . High concentrations of total protein are associated with significant increases in levels of serum albumin and globulin (Hunt & Hunsaker, 1965) . The IgG concentration increased as the total protein concentration increased (Tyler, Hancock, Parish, Rea, & Besser, 1996 ).
The lowering of cholesterol level by supplemental threonine in the present trial might be due to production of more amounts of bile acid/ bile salts in the liver. Twenty percentage (20%) of excess threonine is converted to glycine which in turn synthesizes bile acids. Bile acids are synthesized from cholesterol, a major constituent of cholesterol metabolism. Hence, bile acids provide major excretory route of cholesterol. Bile acid sequestrants bind bile acids and prevent re-absorption of bile acids and hence cholesterol is lost in faeces. Hence, there may be disruption of enterohepatic circulation of bile acids and it may lower blood cholesterol level. The serum cholesterol decreased quadratically (p < 0.05) in broilers with supplemental L-threonine levels (Azzam & El-Gogary, 2015) , whereas it decreased linearly (p < 0.001) and quadratically (p = 0.032) in hens with supplemental L-threonine levels as reported by Abdel-Wareth and Esmail (2014) . The present findings is in agreement with Rezaeipour and Gazani (2014) who revealed that serum LDL concentrations in broilers was not affected (p > 0.05). However, serum VLDL levels were reduced by dietary L-threonine supplementation (p < 0.05) by the dietary threonine treatments.
| CON CLUS IONS
The present study assessed the effects of supplemental threonine on growth performance, carcass characteristics, gut health and immune status of commercial broilers in the subtropics during prestarter and starter phase. It may be concluded that, for improving production performance and carcass quality, 120% threonine (of Vencobb-400 recommendation) may be recommended. However, on exposure to a challenged environment (like possibility of an outbreak of disease or exposed to any kind of environmental stress) then an increment of threonine level by another 10% (i.e., 130% threonine of Vencobb-400 specification) may be recommended. Hence, for better immunity, 130% threonine (of Vencobb-400 specification) may be suitable for commercial broiler birds.
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